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Introduction

11
The first application of helical fillets to bridge stay cables were on the Normandy Bridge in France. The 12 purpose of the helical fillets was to mitigate rain-wind induced vibrations (RWIV) which most likely compose 95 13 % of all inclined bridge cable vibrations according to Gimsing and Georgakis (2012) . The efficiency of different 14 fillet designs was examined in precipitation conditions at the Centre Scientifique et Technique du Bâtiment (CSTB) 15 in Nantes by Flamand (1995) before the final design was selected for the bridge. Further wind tunnel tests of cables 16 with helical fillets were undertaken in connection with the construction of the Øresund Bridge by Larose and Smitt 17 (1999) . However, the efficiency of helical fillets to also mitigate dry inclined cable vibrations has not been verified.
18
There is no compelling evidence that cables with helical fillets installed on cable stayed bridges have experienced 19 large amplitude vibrations, but dry inclined cable vibrations have been observed on cable stayed bridges with 20 smooth cable surfaces, see e.g. Zuo and Jones (2010) . This has lead to concerns regarding the aerodynamics of 21 inclined stay cables with helical fillets, and in order to fill this gap in knowledge, wind tunnel experiments were 22 carried out at the National Research Council Canada (NRC) in 2011. Based on those experiments, this paper 23 examines the aerodynamic stability of a dry inclined bridge cable with helical fillets at high Reynolds numbers in 24 smooth flow and the underlying load characteristics.
25
Helical fillets (also called ribs in the literature) are widely used on bridges in both Europe and the Americas.
26
However, no guidelines to the geometry of the fillet exist which has led to different designs promoted by the cable 27 manufacturers. Examples of various helical fillet designs in use are presented in Table 1 together with the design 28 that was selected for the present study, estimated to be a good representation of actual designs. The cross-section 29 of helical fillets is normally either rectangular or near-circular, with a slightly larger width than height due to 30 the manufacturing process. Should the cross-section of the helical application be round, it is referred to in the 31 literature as a helical wire. Larger helical protrusions of rectangular cross-section known as helical strakes or fins 32 also exist, but have so far not been installed on bridge cables. With a significant height of 10-12 % of the cylinder 33 diameter they suppress vortex-induced vibrations and are found on e.g. marine risers and chimneys. Over the 34 years, numerous studies have been undertaken to investigate the influence of various types of helical applications, 35 concerning parameters as the angular position of the protrusion, the shape of the protrusion, the size relative to the 36 cylinder diameter, the pitch length and the number of helical protrusions. A detailed review of the development of 37 the helical applications can be found in Kleissl (2013 Table 1 : Typical helical fillet geometries (all double helix). The elliptical shapes were formed by a semi-circular shape squeezed to the cylinder surface.
Experimental setup and measurements
39
A short introduction to the experimental setup is given here. For in-depth explanations see Jakobsen et al. 
Measuring equipment
75
To measure the surface pressure distribution, four circumferential rings each consisting of 32 pressure taps
76
were distributed on the model, see Figure 1 . The pressure taps were installed in a previous round of tests which 77 was dedicated to the aerodynamics of a smooth inclined cable where it was not desired to rotate the cable. In those force field on the cylinder (see Wooton and Scruton (1970) as also mediated by Dyrbye and Hansen (1999) ). The 84 remaining distances were varied and increased, in order to monitor as long a segment of the model as possible.
85
This also provided the data for six different span-wise separations (2D, 3D, 4D, 6D, 7D, 9D) as opposed to only 86 three in case of a regular spacing. As described in the present work, the helical fillets represent an additional factor • fillet normal to the flow, • fillet aligned with the flow.
No blockage correction was applied to the force coefficients given the low blockage area ratio of 5% and 93 because of the uncertainties associated with blockage correction methods for a model inclined to the flow. that the tube deviated from a circular shape with the deviations being consistent along the cable length, see Figure   110 4(a). its axis (without rotating the springs), see Figure 1 , to determine any effect of the lack of roundness of the model.
119
Through the cable rotation, the helical fillets were in different angular positions relative to the flow at the pressure 120 tap rings. The influence of any misalignment of the helical fillet during installation from a regular helical path 121 will also influence the aerodynamics, but given the size of the helical fillet it was assumed that its simple presence ratio, ρ the air density and D the mean diameter of the model.
130
As seen in Table 2 , it was generally desired to have a tuned model or a detuning below 2-3 %. As described by out with conditions as close to the original of run 66, to verify the degree of repeatability that could be achieved.
150
In Figure 5 , the amplitudes in sway, which were dominant compared with heave, for the four runs at a -90
• cable 
Applicability and limitations
169
Given the exploratory nature of the investigation, care was taken to ensure that the experimental conditions 170 were representative to the best of our knowledge of a free-to-respond inclined cable in a uniform flow field. The 171 experiments respected the three main non-dimensional similitude parameters to respect in an aeroelastic experi-172 ment: the mass-damping parameter (Scruton number), the Reynolds number and the reduced frequency parameter.
173
The length-to-diameter ratio was maximised while keeping the test section blockage area ratio to under 5 %. As 174 previously mentioned, the model was constructed with an HDPE tube obtained from a bridge construction site to 175 ensure that its surface irregularities were representative of field conditions.
176
The wind tunnel tests presented in this paper were performed in smooth flow as described in section 2.1. has something to do with reduced frequency such as vortex-shedding excitation.
222
The importance of surface irregularities, i.e. changes in surface roughness or shape distortions on cable aero- The large amplitude vibrations for the cable with helical fillets at a −90
• axial rotation shown in Figure 6 , Reynolds numbers where the force coefficients were near constant (the tests at the NRC treated in this paper).
243
Looking at dry inclined vibrations of a smooth cable as a reference case, the vibrations shown in Figure 7 to be a phenomenon that could occur for most fillet designs in use, at least in wind tunnel tests. Reynolds number is also observed for the smooth cable shown in Figure 10 . It is well known that separation bubbles, also referred to as laminar separation bubbles due to the laminar 
336
The development of the pressure distributions with Reynolds number for the cable with helical fillets, depicted 337 in Figure 13 , is clearly different at the two sides of the cable. It is recalled that on a cable inclined to the flow with 338 helical fillets, the helical fillets will on one side of the cable be nearly aligned with the flow, henceforth referred 339 to as the 'smooth' side (the upper side in Figure 13 ), and nearly normal to the flow on the other side of the cable, 340 referred to as the 'rough' side (the lower side in Figure 13 ). On the smooth cable side, the fillet does not appear 
380
The lift coefficient time series for ring 4 is shown in Figure 15 where there seems to be three possible semi- locally on one side of a circular cylinder was first suggested by Schewe (1986) and has, to the authors' knowledge, 387 not been investigated further. For both the smooth cable and the cable with helical fillets, the propagation would
388
occur between a few of the rings or all of the rings. The transition was in cases also observed at one ring only. It 389 is expected that both surface irregularities and changes in wind characteristics could inhibit the spreading along 390 the cable. It is interesting that the state jump at ring 4 resulted in a lift force directed opposite to that at ring 3,
391
which was not an uncommon observation. In this case, the lift force was, however, after a few seconds "corrected" 392 towards the same direction as ring 3 (Figure 15 ) and continued in this state for the remaining data sampling period.
393
This alternate transition between states appears at different Reynolds numbers for the various rings as there is a 394 span-wise variation of the pressures on the cable. Examples of other time series were given by Christiansen et al.
395
(2014) for the various rings and the extent of the semi-stable states with Reynolds number were likewise shown. Apart from the narrow Reynolds number region where the state jumps occur, the force fluctuations for the 397 cable with helical fillets are seen to be less dependent on Reynolds number compared to the fluctuations of the 398 smooth cable. This is attributed to the ability of the helical fillets to control the flow and therefore disrupt the flow 399 structures otherwise found on a smooth cable. It is also noticed that there is almost no pressure fluctuation at tap 400 11 and 18 of ring 1 for both cables, which is caused by less responsive pressure taps. 
416
The surface pressures are calculated based on the incoming velocity U and not the component normal to the cable 417 axis explaining why C p < 1. 
438
Given that the magnitudes are nearly similar to the drag for the cable with helical fillets in the stagnation and base 439 regions, the helical fillets do not seem to influence the drag significantly in these regions. 
Marker type -90
• dyn., ring 1
-90
• dyn., ring 3 ratio for a cylinder inclined/yawed to the flow in a two degree-of-freedom (2DOF) system, both perfectly tuned 501 and detuned respectively. For the current wind tunnel test setup, the natural frequencies in the sway and heave 502 directions were slightly detuned ( Table 2) . The expression for a detuned system involves several contributions.
503
From the data available, the contributions related the derivatives of the force coefficients with respect to the cable-504 wind angle cannot be determined as such measurements were not carried out in the present study. However,
505
it was found that the response trajectories were predominantly across-wind, so these terms are unlikely to be 
Conclusion
